Asymmetric localization of Ran regulators (RanGAP1 and RanGEF/RCC1) produces a gradient of RanGTP across the nuclear envelope [1] . In higher eukaryotes, the nuclear envelope breaks down as the cell enters mitosis (designated ''open'' mitosis). This nuclear envelope breakdown (NEBD) leads to collapse of the RanGTP gradient and the diffusion of nuclear and cytoplasmic macromolecules in the cell, resulting in irreversible progression of the cell cycle [2] [3] [4] [5] [6] [7] . On the other hand, in many fungi, chromosome segregation takes place without NEBD (designated ''closed'' mitosis). Here we report that in the fission yeast Schizosaccharomyces pombe, despite the nuclear envelope and the nuclear pore complex remaining intact throughout both the meiotic and mitotic cell cycles, nuclear proteins diffuse into the cytoplasm transiently for a few minutes at the onset of anaphase of meiosis II. We also found that nuclear protein diffusion into the cytoplasm occurred coincidently with nuclear localization of Rna1, an S. pombe RanGAP1 homolog that is usually localized in the cytoplasm. These results suggest that nuclear localization of RanGAP1 and depression of RanGTP activity in the nucleus may be mechanistically tied to meiosis-specific diffusion of nuclear proteins into the cytoplasm. This nucleocytoplasmic shuffling of RanGAP1 and nuclear proteins represents virtual breakdown of the nuclear envelope.
Asymmetric localization of Ran regulators (RanGAP1 and RanGEF/RCC1) produces a gradient of RanGTP across the nuclear envelope [1] . In higher eukaryotes, the nuclear envelope breaks down as the cell enters mitosis (designated ''open'' mitosis). This nuclear envelope breakdown (NEBD) leads to collapse of the RanGTP gradient and the diffusion of nuclear and cytoplasmic macromolecules in the cell, resulting in irreversible progression of the cell cycle [2] [3] [4] [5] [6] [7] . On the other hand, in many fungi, chromosome segregation takes place without NEBD (designated ''closed'' mitosis). Here we report that in the fission yeast Schizosaccharomyces pombe, despite the nuclear envelope and the nuclear pore complex remaining intact throughout both the meiotic and mitotic cell cycles, nuclear proteins diffuse into the cytoplasm transiently for a few minutes at the onset of anaphase of meiosis II. We also found that nuclear protein diffusion into the cytoplasm occurred coincidently with nuclear localization of Rna1, an S. pombe RanGAP1 homolog that is usually localized in the cytoplasm. These results suggest that nuclear localization of RanGAP1 and depression of RanGTP activity in the nucleus may be mechanistically tied to meiosis-specific diffusion of nuclear proteins into the cytoplasm. This nucleocytoplasmic shuffling of RanGAP1 and nuclear proteins represents virtual breakdown of the nuclear envelope.
Results and Discussion
We have previously analyzed the meiotic behavior of nuclear proteins in the fission yeast Schizosaccharomyces pombe by fluorescence microscopy using proteins fused with a green fluorescent protein (GFP) [8] [9] [10] [11] . During the course of our analysis, we found that various nuclear proteins significantly reduced their GFP signals in the nucleus for a short time during anaphase of meiosis II (anaphase II; examples are shown in Figure 1E and Figure S1B available online); it was as if nuclear envelope breakdown (NEBD) had occurred in this closedmitosis organism. To elucidate the biological significance and molecular mechanism of the meiosis II-specific loss of the nuclear proteins, we examined nuclear import activity in S. pombe cells using three tandem repeats of GFP fused to a nuclear localization signal (NLS) sequence (3GFP-NLS; 83 kDa). In mitosis and meiosis I, the 3GFP-NLS fluorescence remained in the nucleus ( Figures 1A and 1B) ; however, in meiosis II, the 3GFP-NLS fluorescence was significantly reduced in the nucleus for a few minutes during anaphase II (Figure 1C , indicated by the yellow box) and returned to high levels in the nucleus after anaphase II (for quantitative measurements, see Figure S1E ). The same results were obtained with 6GFP-NLS (164 kDa; Figures S1D and S1E). Quantitative measurements showed that the integrated total fluorescence intensity of 3GFP-NLS or 6GFP-NLS in the cell remained within a small range of variation ( Figure 1D ). Thus, it is likely that anaphase II-specific loss of GFP fluorescence from the nucleus represents relocalization of 3GFP-NLS into the cytoplasm, and not protein degradation. Importantly, these results also indicate that protein size did not have any apparent effect.
Similar behavior was observed in cells expressing endogenous proteins fused with GFP (ranging from 95 to 125 kDa, including GFP; see Figure 1E and Figures S1A and S1B); in these examples, nucleoplasmic proteins diffused into the cytoplasm during anaphase II ( Figure 1E ), whereas proteins bound to intranuclear structures, such as chromatin or a nucleolus, remained in the nucleus ( Figure S1C ).
To explore how this anaphase II-specific nuclear protein diffusion occurs, we examined the nuclear envelope to determine whether it was intact in anaphase II. We first examined the nuclear membrane using live correlative light-electron microscopy (CLEM) imaging technology in which correlative light-electron microscopy was performed after fluorescence live-cell imaging [12] . Briefly, when a live cell reached anaphase II, as judged by the behavior of fluorescent marker proteins, the cell was fixed on site and subjected to electron microscopy (see Experimental Procedures and Supplemental Experimental Procedures). The transmission electron microscopy of serial sections of S. pombe revealed an intact continuous nuclear membrane; no obvious differences were observed between anaphase I and II (Figures 2A and 2B ; see also Figures S2A-S2I). We next observed the behavior of GFP-tagged nuclear pore proteins (nucleoporins). We tested 31 nucleoporins, almost all of the nucleoporin protein species, and found that none of these proteins disassembled from the nuclear pore complex (NPC) during any of the cell-cycle stages of mitosis or meiosis, including anaphase II ( Figure 2C ; see also Figure S2J ). These results indicate that the NPCs remain intact throughout the entire life cycle of S. pombe and that nuclear protein diffusion in anaphase II occurs without NEBD.
Nucleocytoplasmic transport of macromolecules is dependent on the presence of a gradient of the GTP-bound form of the small GTPase Ran across the nuclear envelope. The gradient is maintained by the activities of chromatin-bound RanGEF/RCC1, a guanine-nucleotide exchange factor, and cytoplasmic RanGAP1, a GTPase activating protein. We examined the dynamics of RanGAP1 and RanGEF/RCC1 fused to GFP to see whether the RanGTP gradient was maintained during meiosis-specific nuclear protein diffusion. As expected from several reports, Pim1-GFP, a RanGEF/RCC1 homolog in S. pombe [13] , clearly remained in the chromatin region throughout meiosis ( Figure 3A ; [14] ). Interestingly, however, Rna1-GFP (70.8 kDa, including GFP), a RanGAP1 homolog in S. pombe [15] , showed changes in its localization during meiosis: Rna1 was first localized in the cytoplasm until anaphase II and then enriched around the nucleus shortly before anaphase II; Rna1 then localized in the nucleus at the onset of anaphase II ( Figure 3B , 24 min, and Figure 3C ) and translocated back into the cytoplasm immediately after nuclear division ( Figure 3B , 28 min and later). These events were anaphase II specific and were not observed in mitosis or meiosis I (Figures 3D and 3E) . Simultaneous observation . For 6GFP-NLS, the intensity was measured in the cell shown in Figure S1D (labeled as 6GFP-NLS). For measurements of fluorescence intensity, optical section images were projected by an intensity summation. Integrated intensity in a whole cell area was calculated using the SoftWoRx software equipped with the DeltaVision microscope system. Numbers at the bottom represent time in minutes; time 0 is set to the onset of anaphase II (also indicated by the arrow), which is judged by fluorescence microscopy.
(E) An example of endogenous nuclear proteins. Time-lapse observations are shown for Bpb1. More examples are shown in Figure S1B . Numbers at the top represent time in minutes. Scale bar represents 10 mm.
of Rna1-GFP and a nuclear protein marker RFP-NLS showed that the timing of Rna1's localization into the nucleus and back into the cytoplasm correlated exactly with the timing of nuclear protein diffusion into the cytoplasm and subsequent relocalization of these proteins back into the nucleus ( Figure 3B ). These results suggest that the nuclear localization of Rna1 may be one of the factors involved in the diffusion of the nuclear proteins into the cytoplasm during anaphase II. We next investigated the effect of nuclear localization of Rna1 on nuclear protein diffusion into the cytoplasm. To induce the localization of Rna1 into the nucleus, we added an NLS to an Rna1-GFP fusion construct, and the final construct was artificially expressed in mitotically growing cells (see Experimental Procedures). When Rna1-GFP-NLS expression was induced in a cell, Rna1-GFP-NLS was localized in the nucleus, and the fluorescence intensity of RFP-NLS in the nucleus was markedly diminished ( Figure 4A ). In control cells expressing Rna1-GFP in the cytoplasm, RFP-NLS remained in the nucleus ( Figure 4A ). This observation was supported by quantitative measurement of the fluorescence intensity of RFP-NLS in the nucleus and cytoplasm ( Figure 4B ). Total fluorescence intensity of RFP-NLS in cells expressing Rna1-GFP-NLS was comparative with that in the control cells, eliminating the possibility of protein degradation. These results suggest that nuclear localization of Rna1 may induce diffusion of nuclear proteins into the cytoplasm.
It should be noted that the expression of Rna1-GFP-NLS is toxic and often causes very sick or dead cells ( Figure 4C ). Interestingly, this toxicity was diminished when an enzymatically inactive mutant of Rna1 (Rna1 D225N ) [16] was expressed ( Figure 4C ), indicating that the toxicity was caused by nuclear localization of active Rna1. These results also suggest that the enzymatic activity of Rna1 is required for diffusion of nuclear proteins out of the nucleus.
To further confirm that nuclear localization of Rna1 is involved in cytoplasmic diffusion of nuclear proteins in meiosis, we expressed Rna1-GFP-NLS in meiotic cells. In these experiments, to circumvent the toxicity of Rna1-GFP-NLS in mitotic cells, we constructed Rna1-GFP-NLS with a determinant of selective removal (DSR) sequence to eliminate RNA transcripts in mitotic cells [17] (see Experimental Procedures); cells expressing Rna1-GFP-NLS under this condition grew normally and generated spores after meiosis. When expression of the meiosis-specific Rna1-GFP-NLS construct was induced upon an entry into meiosis, Rna1-GFP-NLS was initially retained in the cytoplasm ( Figure 4D , frames of 0-20 min) and later translocated into the nucleus during meiosis I ( Figure 4D , frames of 25 min and later). This nuclear translocation occurred much earlier than the nuclear localization of wild-type Rna1 (compare with Figures 3B and 3D ). Simultaneous observation of Rna1-GFP-NLS and RFP-NLS (a marker for nuclear proteins) revealed that nuclear RFP-NLS was reduced as nuclear Rna1-GFP-NLS increased ( Figure 4D ). These results again indicate that nuclear localization of Rna1 occurred concurrently with diffusion of nuclear proteins out of the nucleus; these behaviors may be caused by collapse of RanGTP gradient. In contrast, mutant Rna1 D225N -GFP-NLS was localized in the nucleus throughout this entire period and did not affect RFP-NLS localization ( Figure 4E ), suggesting that the enzymatic activity of Rna1 is required for spatiotemporal control of nuclear proteins.
In S. pombe, meiosis proceeds cooperatively with spore formation, in which newly assembled plasma membranes called forespore membranes engulf each nucleus generated by the cell's meiotic divisions [18] . To examine the correlation of the nuclear localization of Rna1 with meiosis and sporulation, we investigated the nuclear localization of Rna1 in various known mutant backgrounds. In spo4D mutant cells, Rna1 did not enter the nucleus, and RFP-NLS remained in the nucleus during meiosis II ( Figure 5A ). The spo4 + gene encodes the catalytic subunit of a protein kinase similar to the Cdc7 kinase family of proteins; Spo4 interacts with Spo6, the regulatory subunit, to form the Spo4-Spo6 kinase complex, which is required for initiation of spore formation [19] . In spo5D mutant cells, Rna1 also did not enter the nucleus ( Figure 5B ). The spo5 + gene encodes an RNA binding protein whose function is also required for initiation of spore formation [20] . Similarly, nuclear localization of Rna1 did not occur in the absence of the Spo14 pathway involved in ER-to-Golgi membrane trafficking ( [21] , this issue of Current Biology). Another sporulation mutant is the tws1 mutation. tws1 is a meiosis-specific mutation of the Cdc2 kinase, and it gives rise to two diploid spores, rather than four haploid spores, after meiosis I [22] . In this mutant, Rna1 translocated into the nucleus in meiosis I rather than meiosis II, and RFP-NLS diffused into the cytoplasm in meiosis I rather than meiosis II ( Figure 5C ). The final spore formation mutant we examined was mes1D. This mutant arrests after the first meiotic division because of downregulated Cdk activity and does not form spores [23] . In this mutant, Rna1 remained in the cytoplasm and RFP-NLS remained in the nucleus ( Figure 5D ). Thus, one or more processes required for progression to spore formation are also involved in translocation of Rna1 into the nucleus.
This study revealed that meiosis-specific diffusion of nuclear proteins into the cytoplasm occurred in the absence of the physical breakdown of the nuclear envelope or the nuclear pore complex. Although the physiological roles of this phenomenon remain unclear, one possible explanation is that diffusion of nucleoplasmic proteins out of the nucleus may be involved in a change to a spore-specific dormant state in which the viability of the gamete cell is maintained. Alternatively, this transient change in nucleocytoplasmic traffic may be related to ER-to-Golgi vesicle transport associated with forespore membrane assembly, as suggested in [21] .
The mechanism by which this meiosis-specific diffusion of nuclear proteins into the cytoplasm is regulated also remains to be determined. Because of the central role of RanGTP in nucleocytoplasmic transport and because the timing of the nuclear localization of RanGAP1 coincides with the diffusion of nuclear proteins out of the nucleus, we speculate that the nuclear localization of RanGAP1 is, at least in part, involved in diffusion of nuclear proteins out of the nucleus during anaphase II; currently, however, we have no direct evidence for this. Alternatively, transport proteins represented by importin b, as well as its adaptor proteins of importin a, can be modified. The nucleoporins composing the NPC are other possible target proteins. This is supported by the fact that the phenylalanine-glycine repeat region of Nup50 is phosphorylated by ERK MAP kinase, and this modification reduces its transport activity by changing affinity of importin b to the NPC [24] . Another candidate is the ER-to-Golgi vesicle transport system, as noted above.
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Another type of fungi, Aspergillus nidulans, undergoes ''semiopen'' mitosis. During this type of mitosis, some of the nucleoporins disassemble from the NPC [5, [25] [26] [27] . In A. nidulans, partial disassembly of NPCs and RanGAP1 nuclear localization are regulated by the NIMA kinase [25] . In S. pombe, however, RanGAP1 translocation into the nucleus occurs in fin1 (an S. pombe NIMA homolog [28] ) deletion mutants, suggesting a different method of regulation in S. pombe (unpublished data). Because RanGAP1 does not translocate into the nucleus in spo4 mutants, the Spo4-Spo6 kinase is a possible regulator of RanGAP1 in S. pombe; however, the Spo4-Spo6 kinase does not phosphorylate recombinant S. pombe RanGAP1 (T. Nakamura and H.A., unpublished data), suggesting that RanGAP1 nuclear translocation is regulated by Spo4 function indirectly.
In higher eukaryotes, the RanGAP1 protein is modified by SUMO1 and interacts with RanBP2/Nup358 at the cytoplasmic surface of NPCs [29] [30] [31] , effecting a RanGTP gradient across the nuclear envelope. A majority of closed-mitosis organisms, on the other hand, lack a SUMO1 attachment domain in their RanGAP1 proteins; Rna1 in S. pombe also lacks a SUMO1 attachment domain. The lack of a SUMO1 attachment domain would allow for translocation of S. pombe RanGAP1 across the nuclear envelope, and S. pombe has likely developed an unidentified mechanism to regulate the translocation of RanGAP1 into the nucleus without NPC disassembly and NEBD in meiosis II. This idea is supported by the fact that the Rna1 homolog in Saccharomyces cerevisiae contains both NLS and NES signal motifs by which nuclear localization can be switched [32] . The translocation of RanGAP1 seems a common strategy in closedmitosis organisms to abate the RanGTP gradient, leading to virtual breakdown of the nuclear envelope without NEBD.
Experimental Procedures
Fission Yeast Strains Strains used in this study are listed in Table S1 .
Fusion Gene Construction and Expression
To visualize microtubules, we fused cyan fluorescent protein (CFP) or mCherry to an alpha2 tubulin gene (atb2 + ), and the fusion gene was expressed under the regulation of the nda3 promoter. As a nuclear localization signal, a DNA fragment encoding the SV40 NLS sequence (PKKKRKV) was used. In Figure 4 , Rna1 is under the regulation of a thiamine-repressible promoter (nmt41) [33] , and expression is induced by removal of thiamine from the growth media. For meiosis-specific expression of the rna1 fusion constructs, the rec8 terminator containing a DSR sequence was added to eliminate RNA transcripts in mitotic cells [17] .
Time-Lapse Imaging
For time-lapse observation, living cells were immobilized on a coverslip with lectin in a 35 mm glass-bottomed culture dish (MatTek) and observed at 26 C as described previously [34] . Images were taken with a DeltaVision fluorescence microscope system, based on an Olympus wide-field fluorescence microscope IX70 (Applied Precision), using an oil-immersion objective lens (Plan Apo 603, NA = 1.4, Olympus). A set of images at 10 focal planes at 0.3 mm intervals or 8 focal planes at 0.4 mm intervals was taken at each time point. Images were deconvolved using the SoftWorx software equipped with DeltaVision. Quantitative analysis was done as described previously [35] . For statistic analysis, Student's t test was used.
Live CLEM Imaging Time-lapse imaging was performed as described above, except a special culture dish with an addressing grid was used. During time-lapse observation, the cells were fixed at an appropriate time by replacing the medium with a fixative (2% glutaraldehyde in 0.1 M sodium phosphate buffer [pH 7.2]). After 1 min, cells were further fixed with fresh fixative for 2 hr at 4 C and then subjected to fluorescence microscopy. After washes with buffer, low-melting agarose was put onto the cells to prevent a loss of cells from the coverslip during subsequent preparation for electron microscopy observation. The cells were then postfixed in 1.2% KMnO 4 overnight, dehydrated, and embedded in epoxy resin. Serial sections were obtained with 80 nm thickness, stained with uranyl acetate and lead citrate, and analyzed by a transmission electron microscope. Details are described in the Supplemental Experimental Procedures. 
